Strengths and limitations of this study
► This is the first real-world study to inform exposure of hospital emergency department staff to methoxyflurane vapour when supervising patients selfadministering analgesia via the hand-held Penthrox inhaler. ► The low levels of methoxyflurane vapour detected on organic vapour personal badge monitors worn by hospital emergency department nurses during routine clinical practice may provide reassurance to healthcare professionals. ► A key limitation is that this study included nurses working in just two emergency treatment rooms in France, supervising the use of ≤5 applications of Penthrox inhalers per 8-hour shift. ► It is feasible that healthcare professionals supervising the use of Penthrox inhalers more frequently and/or in smaller rooms without ventilation systems may experience higher exposure to methoxyflurane than reported in the present study.
AbStrACt
Objectives Low-dose methoxyflurane is a non-opioid, inhaled analgesic administered via the Penthrox inhaler and was recently licensed in Europe for emergency relief of moderate-to-severe trauma-associated pain in conscious adults. This non-interventional study investigated occupational exposure to methoxyflurane in the hospital emergency department (ED) personnel during routine clinical practice.
Setting and participants The study was conducted in two hospital ED triage rooms in France over a 2-week and 3-week period, respectively. Low-dose methoxyflurane analgesia was self-administered by patients via the inhaler under the supervision of nursing staff, per routine clinical practice. An organic vapour personal badge sampler was attached to the uniform of the nurses working in the treatment rooms throughout an 8-hour shift (total of 140 shifts during the study period). Seven-day ambient air monitoring of each treatment room was also performed. Methoxyflurane levels adsorbed in each badge sampler were measured by a central laboratory. The primary objective was to evaluate methoxyflurane exposure experience by the hospital ED nurses during an 8-hour shift.
results In 138 badge samplers, the median (range) concentration of methoxyflurane present following 8-hour nursing shifts was 0.017 (0.008, 0.736) ppm. This level was almost 900-fold lower than the previously reported 8-hour-derived maximal exposure level of 15 ppm; methoxyflurane exposure approaching this threshold was not documented in any badges. There was no correlation between the number of applications of low-dose methoxyflurane administered during a shift (range 0-5) and the vapour exposure measured on the personal badge samplers.
Conclusions This study indicates that nurses working in hospital EDs experience very low levels of occupational exposure to methoxyflurane vapour during routine clinical practice. These real-world data can provide reassurance to healthcare providers supervising patients receiving low-dose methoxyflurane analgesia via a Penthrox inhaler; further studies may inform exposure in other hospital ED settings.
IntrOduCtIOn
Effective management of moderate-tosevere pain in emergency medicine is a crucial element of patient care. In Europe, approximately 38 million injured patients are treated each year in hospital emergency departments, and pain is the primary reason for most patients visiting the emergency department. [1] [2] [3] Unfortunately, undertreatment of pain in emergency settings is common. Indeed, large-scale studies of European hospital emergency departments indicate fewer than one third of patients with moderate-to-severe pain receive analgesia. 3 4 Numerous barriers to the effective treatment of pain in emergency settings have been identified including lack of pain management guidelines and inadequate assessment of pain. 5 Limitations associated with commonly Open access Figure 1 Use of the Penthrox inhaler (permission to reproduce the image was provided by Mundibiopharma limited). 17 used analgesics can also contribute to oligoanalgesia. For example, although morphine, fentanyl and oxycodone can provide effective pain relief when used appropriately, some healthcare providers (HCPs) are reluctant to administer opioids, due in part to concerns regarding dependency, respiratory depression and other challenging side effects. 5 6 Inhaled N 2 O and intravenous or intramuscular ketamine can also provide effective relief for moderateto-severe pain in emergency settings. 7 However, the use of N 2 O and ketamine may be limited by bulky equipment with limited portability and concerns regarding psychological manifestations and long-term psychotomimetic effects, respectively. 5 8 9 Furthermore, safety concerns regarding exposure of HCPs to N 2 O prior to the routine use of waste gas scavenging systems resulted in occupational exposure limits (eg, UK has a 100 ppm 8-hour timeweighted average (TWA) exposure limit for N 2 O) 10 11 and guidance to minimise potential risks to HCPs have been issued. 12 13 Low-dose methoxyflurane is an inhaled, non-opioid analgesic which has been used for over 40 years in Australia to provide short-term relief of acute pain in adults and children. [14] [15] [16] In 2015, low-dose methoxyflurane was approved in some European countries for emergency relief of moderate-to-severe trauma-associated pain in conscious adults, and is now approved more widely in Europe, including Spain, Italy, France and UK, as well as in countries in Asia, Latin America, Gulf Area and South Africa. 17 18 Methoxyflurane was first used at higher doses in the 1960s for general anaesthesia. However, reports of renal tubule damage emerged in some patients following prolonged exposure to this fluorinated hydrocarbon, thought to be caused by elevated levels of inorganic fluoride. 19 20 Use of methoxyflurane anaesthesia subsequently declined before being voluntarily withdrawn from the market. 16 19 20 In contrast to high anaesthetic doses of methoxyflurane, laboratory and clinical data indicate no increased risk of renal toxicity associated with low, analgesic doses. 20 Exposure to inhaled anaesthetics is commonly assessed using the minimum alveolar concentration (MAC) required for surgical anaesthesia in 50% of patients. At ≤2 MAC-hours, methoxyflurane results in serum fluoride concentration ≤40 µmol/L, which is not associated with renal toxicity. 20 Analgesic use of low-dose methoxyflurane up to 6 mL in accordance with current treatment recommendations results in methoxyflurane exposure of 0.6 MAC-hours, providing a 2.7-fold to 8-fold renal safety margin. 20 Low-dose methoxyflurane is self-administered via the hand-held Penthrox 'green whistle' inhaler. Each inhaler provides a 3 mL dose of methoxyflurane 99.9%, which provides analgesia for 25-30 min with continuous inhalation or longer analgesic relief if used intermittently, as is recommended. 17 Patients may receive a maximum of two 3 mL vials of methoxyflurane in a single administration and ≤15 mL/week on non-consecutive days. 17 Methoxyflurane is added to the inhaler via a one-way valve and is absorbed by a polypropylene wick. Following instruction from an HCP trained in the use of the inhaler, the patient inhales the vaporised liquid through the mouthpiece and exhales back into the mouthpiece. Exhaled methoxyflurane is captured by an activated carbon (AC) chamber fitted to the inhaler in order to minimise environmental exposure. If stronger analgesia is required, then the patient can cover the dilutor hole on the AC chamber (figure 1). 16 In vitro testing indicates that methoxyflurane concentrations delivered by the Penthrox inhaler can reach a peak of 0.7% when the dilutor hole in the AC chamber is closed, and methoxyflurane concentrations are reduced by approximately 20% when the dilutor hole is open.
Despite the AC chamber to capture the exhaled methoxyflurane, when supervising patients receiving inhaled analgesia within a confined area, it is possible that HCPs may experience intermittent exposure to methoxyflurane vapour. A formal limit regarding levels of occupational exposure to methoxyflurane has not been established. However, a maximum of 8-hour TWA exposure limit of 15 ppm was derived based on the extrapolation of nephrotoxicity data from anaesthetized patients receiving high-dose methoxyflurane. 21 This benchmark is well above the methoxyflurane odour threshold of 0.13-0.19 ppm. 21 Although low levels of methoxyflurane exposure have been documented in ambulance personnel and hospital staff supervising patients using Penthrox inhalers during painful procedures, studies are lacking to inform occupational exposure of hospital emergency department staff to methoxyflurane vapour. [21] [22] [23] The aim of this real-world study was to investigate occupational exposure to methoxyflurane experienced by hospital emergency room nurses when overseeing patients using low-dose, inhaled methoxyflurane analgesia during routine clinical practice.
MethOdS
This non-interventional study was conducted in two medium-sized public assistance hospitals in Paris, France: Cochin Hospital and Tenon Hospital (51 080 and 43 953 patients were admitted to each hospital emergency department in 2015, respectively). The study was conducted over a 3-week and 2-week period at Cochin Hospital and Tenon Hospital, respectively. The shorter study duration at Tenon Hospital reflects a 1-week feasibility study performed at this site prior to initiating the main study. This was conducted at the request of Agence Générale des Equipements et Produits de Santé (AGEPS), a group representing hospitals in Paris, in order to assess the feasibility of the proposed use, storage and analysis of the badge samplers described below. The study was conducted in one emergency department triage room at each site (Cochin Hospital room volume ~43 m 3 and Tenon Hospital room volume ~102 m 3 ); both rooms were windowless and had air ventilation systems.
Low-dose methoxyflurane analgesia was administered by patients via the Penthrox inhaler under the supervision of trained triage nursing staff and per routine clinical practice. Exposure of the triage nurse to methoxyflurane was assessed using 3M Organic Vapor Monitor 3500 personal badge samplers, which contain a charcoal adsorbent pad (figure 2). 24 3M Organic Vapor Monitor 3500 badge samplers are specifically designed to monitor personal and area exposure to a wide range of organic vapours. They were selected for this study based on the ease of use, as well as being small and lightweight, thereby minimising interference with nursing activities. These badge samplers have been validated across a range of settings and the following use can be stored at room temperature or refrigerated for ≤21 days prior to analysis. 25 The monitoring of methoxyflurane by the personal badge samplers required a sampling rate of 27.8 mL/min and a minimum air velocity of 13 cm/s.
In accordance with the manufacturer's instructions, each triage nurse attached a badge sampler to the chest region on their uniform which was worn throughout their 8-hour shift. The selection of the nurses who wore the badges was based on hospital rotas; no other selection criteria were applied. Prior to use, the badge samplers were stored in a locked cupboard. At the end of the shift the nurse packaged their badge sampler in aluminium foil and placed it in a designated sealed container where it was stored in a refrigerator for up to 1 week prior to delivery to the laboratory for analysis. Continuous, 7-day ambient air monitoring of both emergency department triage rooms was also conducted. A personal badge sampler was suspended from the ceiling of each room in the vicinity of the patient treatment area while not impeding clinical procedures or being easily reached by hand. Prior to the study start, the nurses underwent training on the use, package and storage of the badge samplers and were provided with a protocol. Nurse coordinators also oversaw the correct use and storage of the badges.
Four badge samplers were worn daily at each hospital: two by nurses during the morning/afternoon shift and two by nurses during the afternoon/evening shift (badges worn during a total of 140 8-hour shifts were planned). At the end of each week, the 28 badge samplers were collected from each hospital along with the 7-day ambient air monitor. A 'trip blank' sampler (unopened and unworn badge sampler, repackaged for transportation to the laboratory) was also included to assess potential cross contamination during storage/transport. Analysis of the badge samplers and ambient air monitors was performed by a central laboratory accredited for the analysis of organic compounds in ambient and workplace air (öko-control GmbH laboratory, Germany). The badge samplers underwent ultrasound extraction for 10 min with carbon disulfide. Quantification of methoxyflurane was performed using a validated gas chromatography-mass spectrometry platform and included a toluene internal standard. Methoxyflurane samples for assay calibration were provided by Mundipharma.
TWA concentration of methoxyflurane present in every badge sampler was calculated using the following equation which assumed a sampling rate of 27.8 mL/min: (A=calculation constant; C, concentration; SR=sampling rate (mL/min); W=mass (µg/sample); M V =molar vol (L/mol); M W =molecular wt (g/mol); r=recovery coefficient; t=sampling time (min) Samples with methoxyflurane concentrations below the lower limit of quantification (1 µg/sample) were assigned a value of 0.7 µg/sample for calculation purposes, as a conservative approach. Methoxyflurane concentrations are described using summary statistics for each study site and across the entire study (statistical testing was not performed).
Institutional Review Board (IRB) approval for this study was not sought as this was not a clinical trial, measurement of methoxyflurane levels did not require an invasive procedure and no patient data were collected. Furthermore, occupational exposure risk in France is managed by the ministry of work Institut National de Recherche et de Sécurité (INRS).
Patient and public involvement
This study was undertaken without patient or public involvement.
reSultS
Passive air sampling was conducted at Cochin Hospital between 25 April 2018 and 16 May 2018, and at Tenon Hospital between 02 May 2018 and 15 May 2018. In total, 138 staff badges were analysed: 83 from Cochin Hospital and 55 from Tenon Hospital (one planned badge was not obtained from each study site). Methoxyflurane concentrations were below the assay quantification limit (1 µg/sample) in 30 and 31 badge samplers from Cochin and Tenon Hospitals, respectively, and were assigned a methoxyflurane concentration of 0.7 µg. Concentrations of methoxyflurane assessed in the 'trip blank' control samples were at or below the assay quantification limit.
As shown in figure 3 , methoxyflurane concentrations recorded in all the personal badge samplers were substantially lower than the previously reported maximum 8-hour exposure limit of 15 ppm. 21 Across both hospital emergency rooms, the median (range) concentration of methoxyflurane assayed in the badge samplers following 8-hour nursing shifts was 0.017 (0.008, 0.736) ppm. Median (range) methoxyflurane concentrations in the badge samplers obtained from Cochin Hospital (0.020 (0.009, 0.736) ppm) were approximately twofold greater than those from Tenon Hospital (0.011 (0.008, 0.079); figure 4 ). This finding may reflect higher 'outlier' concentrations of methoxyflurane detected in two badge samplers from Cochin Hospital (0.736 and 0.319 ppm).
The number of low-dose methoxyflurane applications administered in the two treatment rooms during each nursing shift ranged from 0 to 5. There was no apparent correlation between the number of applications of lowdose methoxyflurane administered during a shift and the vapour exposure measured on the personal badge samplers worn during that period ( figure 5) .
Very low concentrations of methoxyflurane were also detected during 7-day continuous monitoring of ambient air in the two emergency triage rooms: Cochin Hospital 0.01, 0.02 and 0.024 ppm (study weeks 1, 2 and 3, respectively); Tenon Hospital: 0.011 and 0.002 ppm (study weeks 1 and 2, respectively). dISCuSSIOn Low-dose methoxyflurane, administered via the Penthrox inhaler, can provide effective non-opioid analgesia. 16 It is licensed in Europe for emergency relief of moderate-tosevere trauma-associated pain in conscious adults. 17 This approval was based on the double-blind, randomised, placebo-controlled STOP! trial, in which effective pain control with a rapid onset of action (median onset of pain relief was 4 min) was reported in adults and adolescents presenting at hospital emergency departments with trauma-related pain. 26 Low-dose methoxyflurane has also been shown to provide effective analgesia during painful medical procedures including burn dressing changes, abscess drainage, colonoscopy and removal of brachytherapy rods. 27 28 Although the Penthrox inhaler is fitted with an AC chamber to minimise environmental exposure to methoxyflurane, HCPs may inadvertently inhale low quantities of the vapour. For example, this may occur if a patient fails to exhale directly into the inhaler, despite receiving instruction on correct usage. To our knowledge, this is the first study to examine occupational exposure of HCPs to methoxyflurane when supervising patients administering this analgesic in hospital emergency departments during routine clinical practice.
Open access
This real-world study, conducted in two treatment rooms at hospitals in Paris, examined methoxyflurane vapour exposure experienced by emergency department triage nurses. In total, 138 passive diffusion badge samplers were worn by nurses throughout their 8-hour work shifts. Assessments revealed that during the usual use of the Penthrox inhaler, the triage nurses were exposed to extremely low concentrations of methoxyflurane vapour. No individuals Open access experienced methoxyflurane exposure approaching the previously reported maximum 8-hour exposure limit of 15 ppm. 21 The median (range) exposure to methoxyflurane measured on the badge samplers at both sites during an 8-hour shift was 0.017 (0.008, 0.736) ppm, almost 900fold lower than the 15 ppm exposure limit. Similarly, very low concentrations of methoxyflurane were also detected during 7-day continuous monitoring of ambient air in the two emergency rooms (≤0.024 ppm), supporting these findings. The reason for lower median (range) methoxyflurane concentrations detected in the badge samplers from Tenon Hospital (0.011 (0.008, 0.079) ppm) compared with Cochin Hospital (0.020 (0.009, 0.736) ppm) is unclear, and may in part reflect the smaller treatment room dimensions of the latter (102 vs 43 m 3 ).
Compared with other badge samplers, higher concentrations of methoxyflurane were recorded in two personal badges, although at concentrations substantially lower than the 15 ppm exposure limit: 0.736 and 0.319 ppm. 21 These higher concentrations cannot be explained by greater use of Penthrox inhalers on these occasions as they were detected following nursing shifts supervising 2 and 3 methoxyflurane applications (range across the study was 0-5 applications) and no correlation was found between the number of methoxyflurane applications and exposure levels. Although this study was not designed to elucidate reasons for exposure variation, potential sources may include patients not exhaling into the AC chamber of the Penthrox inhaler, spillage of methoxyflurane while filling the inhaler and failure to place used inhalers in sealed plastic bags.
Findings from this real-world study are supported by investigations in other settings that also indicate that HCPs experience very low occupational exposure to methoxyflurane vapour when supervising patients using the Penthrox inhaler. For example, median (range) 8-hour TWA exposure to methoxyflurane was 0.38 (0.18-2.88) ppm in nurses and haematologists attending patients using the inhalers during procedural sedation for bone marrow biopsies. 22 Frangos et al reported mean 8-hour TWA methoxyflurane exposure experienced by paramedics to be 0.23 ppm when the inhalers were used without the activated charcoal chamber in the confines of an ambulance. 21 Re-analysis of these data using a bootstrap approach also indicated that ambulance crews are exposed to low levels of methoxyflurane vapour. 23 To date, only limited reports of mild, non-serious adverse events have been reported by paramedical and medical staff following occupational exposure to methoxyflurane vapour. Although it cannot be determined whether these events were associated with the use of the Penthrox inhaler by appropriately trained patients, the scarcity of safety reports from HCPs worldwide supports the findings of extremely low levels of methoxyflurane detected in badge samplers of nurses supervising its analgesic use in the present study. However, it is recommended that HCPs who are regularly exposed to patients using the inhalers should be aware of any relevant occupational health and safety guidelines for the use of inhalational agents. 17 Furthermore, to reduce occupational exposure to methoxyflurane, the Penthrox inhaler should always be used with the AC chamber which adsorbs exhaled methoxyflurane (figure 1). 17 Low-dose methoxyflurane analgesia was well tolerated by adults and adolescents with trauma-related pain in the pivotal STOP! trial (the most frequent adverse events were headache and dizziness) and analysis of 135 770 patients receiving methoxyflurane analgesia in the prehospital setting in Australia indicated no increased risk for heart disease, hepatic disease, diabetes, cancer or renal disease associated with this treatment. 29 Nevertheless, and despite low-dose methoxyflurane use being associated with low serum fluoride levels which do not impact renal safety, methoxyflurane analgesia is contraindicated in patients with clinically significant renal impairment and should not be used in conjunction with medicines known to have a nephrotoxic effect. 17 20 Caution should also be exercised in patients with risk factors for renal disease or hepatic dysfunction. 17 Although this study aimed to reflect real-world exposure to low-dose methoxyflurane experienced by nurses in hospital emergency departments, as with all observational studies it was associated with structural limitations and potential biases. For example, assessment of methoxyflurane vapour exposure for hospital emergency department nurses was limited to individuals working in just two emergency treatment rooms with ≤5 applications of Penthrox inhalers used per shift. Consequently, these data may not reflect methoxyflurane exposure for emergency care staff elsewhere. Although based on the authors' experience, the size of the ED triage rooms included in this study (43 and 102 m 3 ) and the frequency of Penthrox inhaler administrations supervised by the triage nurses (0-5 applications per shift) are representative of hospital EDs in France, it is conceivable that methoxyflurane exposure levels may be greater for individuals working in smaller emergency rooms, enclosed rooms without ventilation systems and when overseeing greater utilisation of Penthrox inhalers. Of note, exposure modelling based on a treatment room smaller than included in the present study (32.4 m 3 ) with six air changes per hour (in line with Australian guidelines) alongside a substantially higher usage rate of Penthrox inhalers (two applications every hour) indicated an 8-hour TWA exposure of 1.48 ppm, which is substantially lower than the previously calculated safety threshold of 15 ppm. 21 
COnCluSIOnS
In summary, results from this study indicate that triage nurses working in hospital emergency departments experience very low levels of occupational exposure to methoxyflurane vapour during routine clinical practice. During an 8-hour work shift exposure to methoxyflurane was substantially lower than the previously calculated maximum threshold of 15 ppm in all individuals (median (range) Open access 0.017 (0.008-0.736) ppm) and was below the minimum level of detection in almost half badge samples analysed. These data can provide reassurance to HCPs supervising patients receiving low-dose methoxyflurane analgesia via a Penthrox inhaler fitted with an activated AC. Medical Affairs, Mundibiopharma Limited, Cambridge, UK 6 Mundipharma France, Paris, Île-de-France, France
